Introduction
Dehalobacter restrictus strain PER-K23 has been isolated from a tetrachloroethene (PCE) dechlorinating enrichment culture originally obtained from sediment of the Rhine River mixed with anaerobic granular sludge [1] . Dehalobacter restrictus is a Gram-positive member of the Firmicutes growing exclusively via organohalide respiration (OHR) with H 2 as electron donor, PCE or trichloroethene (TCE) as sole electron acceptor and acetate as carbon source. The key catalytic enzyme in OHR with PCE, the reductive dehalogenase PceA, has been purified and shown to harbour a corrinoid and two 4Fe/4S clusters [2] . In D. restrictus, the PceA enzyme is encoded by a gene that is part of the pceABCT gene cluster that has been shown to be highly conserved in several other OHR strains belonging to the genus Desulfitobacterium [3, 4] . The newly available genome sequence of D. restrictus has revealed a high number of 25 predicted reductive dehalogenase homologue (rdhA) encoding genes (no Genbank accession number has yet been attributed to the genome of D. restrictus, however it is possible to access it via http://img.jgi.doe.gov/cgi-bin/w/main.cgi) [5] , though only PCE and TCE have been recognized as physiological substrates. This observation clearly raises the question of the true bioremediation potential of D. restrictus.
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Two other Dehalobacter isolates have been reported: Dehalobacter sp. TEA able to dechlorinate PCE and TCE [6] , and Dehalobacter sp. TCA1 dechlorinating 1,1,1-trichloroethane to chloroethane [7] , both strains however not yet having been characterized in detail on biochemical and genetic levels. Many studies have described cocultures or enrichment cultures where Dehalobacter spp. have been considered as the key player in the dechlorination of several other organohalides. A coculture containing Dehalobacter sp. E1 and Sedimentibacter sp. B4 has been obtained for the dechlorination of b-hexachlorocyclohexane (b-HCH) to benzene and chlorobenzene [8] . The draft genome of Dehalobacter sp. E1 has been recently reconstituted and was shown to harbour 10 putative rdhA genes, including a gene cluster with a high level of similarity to pceABCT present in D. restrictus, although strain E1 has not been shown to grow on PCE [9, 10] .
Further organohalides such as dichloroethane, chloroform, dichlorobenzenes or 4,5,6,7-tetrachlorophthalide were shown to be dechlorinated by enrichment cultures dominated by Dehalobacter spp. [11] [12] [13] [14] , suggesting that the degradation potential of the genus Dehalobacter is largely beyond PCE and TCE. Finally, fermentation of dichloromethane by members of Dehalobacter has been shown [15, 16] , suggesting that not necessarily all members of this genus are obligate OHR bacteria (OHRB).
The apparent redundancy in rdhA genes can be rather considered as a genuine property of OHRB that are otherwise restricted in their metabolism. For example, genomes of members of the OHR-obligate Dehalococcoides genus, for which five different genomes are already available (and three more pending), display between 10 and 36 rdhA genes [17] , most of which have unknown substrate range. By contrast, completed genomes of members of the metabolically versatile Desulfitobacterium genus reveal the presence of only a limited number of rdhA genes, with Desulfitobacterium hafniense DCB-2 harbouring a maximum of seven copies [18, 19] . While the composition of the genes associated with rdhA genes is strongly varying in the genomes of OHRB, rdhA subunits are almost invariably accompanied by a short open reading frame, rdhB, with the exception of the recently sequenced genome of Dehalogenimonas lykanthroporepellens [20] . Despite a very low level of sequence similarity, RdhB proteins display consensually two or three transmembrane helices strongly indicating a role in anchoring the catalytic subunit in the membrane.
Recently, proteomics and transcriptomics studies were used to study the metabolism of two OHRB, Desulfitobacterium hafniense strain TCE1 [21] and Y51 [22] , respectively, under different growth conditions, both confirming the apparent lack of regulation of the pceA gene that was postulated earlier [4] . Most omics studies involving OHRB have however focused on members of the Dehalococcoides genus. This genus, although phylogenetically distant to Dehalobacter, inhabits similar ecological niches, and is exclusively dependent on OHR metabolism with H 2 as electron donor. These studies have used both transcriptomics using full genome microarrays and proteomics to identify key components of the metabolism of OHRB under different growth conditions or growth phases [23] [24] [25] [26] [27] [28] [29] .
In addition to genes directly linked to reductive dehalogenation, the genome of D. restrictus (http://img.jgi.doe.gov/ cgi-bin/w/main.cgi) furthermore encodes one formate dehydrogenase (Fdh), and eight hydrogenase complexes, among which are three uptake hydrogenases (Hup-type), one energyconservation hydrogenase (Ech-type) and one hydrogenase-3 (Hyc-type; [5] ), similar to what has been described for Dehalococcoides. No data are yet available, however, concerning the role of these enzymes in the metabolism of D. restrictus.
Detailed studies of the metabolism of members of the Dehalobacter genus have so far been hampered by the lack of full genome information. Hence, the recently elucidated genome sequence of D. restrictus now provides the necessary basis for detailed studies of the metabolism of this obligate OHR bacterium using a tiered functional genomics approach.
Material and methods (a) Bacteria and growth conditions
Dehalobacter restrictus strain PER-K23 (DSM 9455) was cultivated as described earlier [1, 2] . Anaerobic serum flasks were supplemented with hydrogen as electron donor, inoculated with 2 per cent (v/v) inoculum, and finally 1 per cent (v/v) of 2 M PCE solution in hexadecane was added as electron acceptor. Nine batch cultures of D. restrictus were cultivated in 300 ml medium at 308C under agitation (100 r.p.m.), and their growth was monitored by chloride production and not optical density as it is biased by precipitation of medium component. The true nature of OHR (i.e. the link between dechlorination and growth) was already demonstrated for D. restrictus [1] . Triplicate cultures were each harvested at three different growth stages of chloride release (20, 30 and 40 mM) that we have defined as the exponential (E), late-exponential (LE) and stationary (S) phases (see the electronic supplementary material, figure S1 ). Aliquots of 50 ml culture were collected for transcriptomic analysis, whereas the rest of each culture was harvested for proteomic analysis. For RNA extraction, 50 ml was collected by 2 min centrifugation at 4600g at 158C, the pellet was readily resuspended in 1 ml of LifeGuard (MO-BIO, Carlsbad, CA, USA), incubated for 1 min and flash-frozen in liquid nitrogen. The remaining 250 ml of culture was centrifuged for 10 min as above for proteomic analysis. The pellet was washed in 10 mM Tris-HCl (pH 7.5) containing 1 mM EDTA, and then flash-frozen in liquid nitrogen. All biomass samples were stored at 2808C until use. Escherichia coli DH5a was cultivated on standard liquid or solid LB medium containing 100 mg l 21 ampicillin when transformed with derivatives of the pGEM-T easy vector (Promega, Duebendorf, Switzerland).
(b) Sequence analysis
All sequences mentioned in this study are taken from the recently published genome of D. restrictus strain PER-K23 [5] . The annotation of specific genes was verified, using a manual search with BLAST [30] . Rho-independent transcription terminators were identified with TransTerm from the Nano þ BioCenter of Kaiserslautern Technical University (http://www.cs. jhu.edu/~genomics/TransTerm/transterm.html) using default parameters. Protein sequences were aligned using CLUSTALX v. 2.0 [31] . The RdhA tree was built with MEGA5 [32] .
(c) RNA extraction RNA was extracted using the TRIzol method according to Prat et al. [33] with the following modification. The DNaseI treatment was stopped by adding 1Â DNase stop solution and incubating for 10 min at 658C. RNA concentration was estimated using the Nanodrop ND-1000 spectrophotometer (Thermo Scientific, Ecublens, Switzerland).
(d) Reverse transcription
Two micrograms of RNA was added to 4.5 mg of random hexamer (Microsynth GmbH, Balgach, Switzerland) in a volume of rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20120325 85 ml. This mixture was incubated at 708C for 5 min and then placed on ice. A 75 ml reverse transcription (RT) mix contained 32 ml 5Â buffer, 8 ml 10 mM dNTPs, 19.2 ml 25 mM MgCl 2 , 4 ml RNasin (40 U ml
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) and 8 ml ImProm-II reverse transcriptase (Promega). The RT was performed as follows: 258C for 5 min, 428C for 60 min and 708C for 15 min in a T3 Thermocycler (Biometra, Goettingen, Germany).
(e) Primer design
Specific primers were designed for each rdhA gene present in the D. restrictus genome by targeting unique regions. The primers were chosen such that the amplified products would fall in a size range suitable for quantitative PCR (qPCR; see below). Primer sequences and expected amplicon sizes are given in the electronic supplementary material, table S1.
(f ) Endpoint PCR approaches
Different PCR strategies were applied in this study: standard endpoint PCR, multiplex endpoint PCR (mPCR) and qPCR (see below). Standard PCRs were carried out in 10 ml containing 4.25 ml ddH 2 O, 1 ml 10Â buffer, 0.3 ml dNTPs at 10 mM each, 0.4 ml 25 mM MgCl 2 , 1 ml each primer at 10 mM and 0.05 ml Taq polymerase at 5 U ml 21 (Peqlab, Erlangen, Germany). Two microlitres of genomic DNA or cDNA was added as template. For mPCR, a solution with eight different primers (four targets) was prepared containing 10 mM of each primer. Two microlitres of that solution was added in the standard reaction mix. Standard PCR and mPCR were performed in a Thermocycler (Biometra) using the following conditions: 5 min of initial denaturation at 958C, followed by 30 cycles of 1 min denaturation at 958C, one primer annealing at 528C and 1 min elongation at 728C. A final extension step of 10 min at 728C was added at the end. The PCR products were routinely analysed in 1.5 per cent (w/v) agarose gels stained with GelRed (Biotium, Hayward, CA, USA). DNA was visualized using the Syngene gel imaging system (Syngene, Cambridge, UK).
(g) Cloning and sequencing of PCR products PCR products were purified with the QIAquick PCR purification kit (Qiagen, Hombrechtikon, Switzerland) according to the manufacturer's instructions. The products were then A-tailed following instructions from the pGEM T-Easy vector manual (Promega), and finally ligated into pGEM T-Easy overnight at 168C. The ligated products were cloned by heat shock transformation of CaCl 2 -competent E. coli DH5a. Transformants were screened using colony PCR with primers T7 and SP6, and positive clones were cultivated overnight at 378C followed by plasmid preparation with the QIAprep Spin Miniprep kit (Qiagen). Plasmid inserts were verified by sequencing using the BigDye Terminator 3.1 kit on the ABI Prism 3130 Genetic Analyzer according to the manufacturer's instructions (Applied Biosystems).
(h) Quantitative PCR Standards for qPCR were prepared from plasmids containing the gene targets as follows. One microgram of plasmid DNA was digested with five units of ScaI restriction enzyme (Promega) for 2 h at 378C. The linearized plasmid was dephosphorylated during 1 h at 378C by adding 1 ml shrimp alkaline phosphatase (Takara, Clontech Laboratories, Mountain View, CA, USA), followed by purification with the QIAquick PCR purification kit (Qiagen). The DNA concentration was measured with the Nanodrop ND-1000 spectrophotometer (Thermo Scientific). Serial dilutions (from 10 21 to 10 28 copies ml
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) of the purified sample were finally prepared and used as standards. A typical 10 ml qPCR contained 5 ml KAPA SYBR FAST universal 2Â qPCR master mix (KAPA Biosystems, Woburn, MA, USA), 0.2 ml of each primer at 10 mM, 2.1 ml ddH 2 O and 2.5 ml template DNA (standards or samples). The reactions were performed in the Rotor Gene qPCR machine (RG-3000, Corbett Research, Qiagen) using the following programme: 2 min of initial denaturation at 958C, then 40 cycles of 30 s denaturation at 958C, 30 s primer annealing at 588C and 20 s elongation at 728C. Fluorescence was measured at the end of each elongation step. Each run consisted of triplicate reactions for both the standards and the samples. Run performances are given in the electronic supplementary material, table S2 for each considered gene target. The obtained data were expressed as transcript copy number per ml of initial cDNA samples.
(i) Protein extraction and SDS-PAGE
Cell pellets were transferred to 2 ml low binding microcentrifuge tubes (Eppendorf, Nijmegen, The Netherlands) prior to protein extraction. Protein extraction was conducted in 500 ml SDT-lysis buffer (100 mM Tris -HCl pH 7.6, 4% sodium dodecyl sulfate (SDS), 0.1 M dithiothreitol). Cells were lysed by sonication, using a Branson sonifier equipped with a 3 mm tip (six pulses of 30 s with 30 s rest on ice in-between each pulse, strength of the pulse was increased stepwise from setting 2 to 4). Proteins were denatured by boiling for 5 min, followed by 10 min centrifugation at 15 700g. Protein concentrations were determined using the Bradford method [34] . Finally, SDS-polyacrylamide gel electrophoresis (PAGE) was performed with gels containing 10 per cent acrylamide using a MiniProtean III system (BioRad, Veenendaal, The Netherlands). Samples containing 10 mg protein were mixed with 2Â loading buffer (100 mM Tris-HCl pH 6.8, 200 mM dithiothreitol, 4% SDS, 0.2% bromophenol blue and 20% glycerol) and briefly heated to 958C before loading on gels. Gels were stained with Coomassie brilliant blue.
( j) In-gel trypsin digestion
For the growth phase experiment, each lane was cut in five slices of approximately equal size. Each slice was cut into approximately 1 mm 3 pieces and transferred to independent 500 ml low binding microcentrifuge tubes (Eppendorf ). All solutions were prepared using 50 mM NH 4 HCO 3 unless otherwise stated. Tubes were briefly centrifuged, and the liquid phase removed between each step. Proteins were reduced by incubating in 50 mM dithiothreitol for 1 h at 608C while slowly shaking, and alkylated by incubation in 100 mM iodoacetamide for 1 h in the dark at room temperature, washed once and incubated with 20 ng trypsin (sequencing grade, Roche Diagnostics, Almere, The Netherlands) over night at room temperature. Samples were sonicated in a water bath for 30 min before the supernatant was transferred to fresh 500 ml low binding microcentrifuge tubes. To increase the yield, the gel pieces were covered with 10 per cent trifluoroacetic acid in H 2 O and sonicated for another 30 min. Then, an equal volume of a solution containing 15 per cent acetonitrile and 1 per cent trifluoroacetic acid in H 2 O were added. The samples were sonicated for 1 min, before supernatants were combined in the low binding microcentrifuge tubes mentioned earlier. Peptides were concentrated using StageTip C18 columns essentially as described by Rappsilber et al. [35] . Finally, the volume was reduced to 10 ml using a SpeedVac vacuum centrifuge, and increased to 25 ml with 0.1 per cent (v/v) formic acid. Samples were measured by nLC-MS/MS with a Proxeon nLC and a LTQ-Orbitrap mass spectrometer as described by Lu et al. [36] . Andromeda search engine [38] , except that extra variable modifications were set for de-amidation of N and Q.
A protein database was generated based on the genomes of D. restrictus and Dehalobacter sp. E1 [10] , using the Artemis genome browser, and combined with a database that contains sequences of common contaminants such as, for instance, BSA (P02769, bovine serum albumin precursor), trypsin (P00760, bovine), trypsin (P00761, porcine), keratins K22E (P35908, human), K1C9 (P35527, human), K2C1 (P04264, human) and K1CI (P35527, human) [39] . The label-free quantification (LFQ) as well as the match between runs options (with + 2 min retention time deviation) were enabled. De-amidated peptides were allowed to be used for protein quantification, and all other quantification settings were kept default.
Filtering and further bioinformatic analysis of the MAX-QUANT/Andromeda workflow output and the analysis of the abundances of the identified proteins were performed with the PERSEUS v. 1.2.0.16 module (available at the MAXQUANT suite). Accepted were peptides and proteins with a false discovery rate (FDR) of less than 1 per cent and proteins with at least two identified peptides of which one should be unique. Also, quantification was carried out by the MAXQUANT software for which MS data of at least three isotopes per peptide are used [37] , and at least two quantified peptides per protein. This method makes label-free relative quantification reliable and therefore possible [40, 41] .
Reversed hits were deleted from the MAXQUANT result table as well as all results showing a LFQ value of 0 for both sample and control. Zero values for one of the two LFQ columns were replaced by a value of 5 to make sensible ratio calculations possible. Relative protein quantification of sample to control was conducted with PERSEUS v. 1.2.0.16 by applying a two sample t-test using the 'LFQ intensity' columns obtained with threshold 0.10 and S0 ¼ 1.
Results (a) Proteomic analysis of Dehalobacter restrictus along growth phases
The genome of D. restrictus strain PER-K23 was predicted to encode 2826 proteins [5] . Using a combined protein database generated from the genomes of D. restrictus and Dehalobacter sp. E1, we identified 1055 proteins by proteome analysis (see the electronic supplementary material, table S3 and figure S2), of which 15 have been previously annotated as pseudogenes in D. restrictus, and one was newly discovered (see the electronic supplementary material, table S4). Data obtained from biological triplicates taken at the designated exponential (E), late-exponential (LE) and stationary (S) phases (see §2) were used to calculate the relative abundance ratio of proteins at stationary versus exponential phase (S/E), late-exponential versus exponential phase (LE/E) and stationary versus lateexponential phase (S/LE). The S/E protein abundance ratios of only 38 proteins were considered as statistically different (with FDR , 0.1), and corresponded to ratios between 25-to 3000-fold (table 1) . However, in a mere qualitative approach, we considered a threefold increase/decrease in relative protein abundance as cut-off to define the proteins that differed between growth phases. This selection allowed investigation of general trends in protein changes across the different growth phases. The largest differences were seen between stationary and exponential phases, where the production of 29 per cent of all identified proteins seemed to be regulated. Comparing late-exponential and exponential phase, or stationary and late-exponential phase, only 16 per cent and 18 per cent of all identified proteins were produced at different levels, respectively. In the following, we focused on selected proteins and metabolic pathways most directly linked to the organohalide respiratory lifestyle of D. restrictus (table 2) , but the complete dataset is given in the electronic supplementary material, table S5. The housekeeping enzyme RNA polymerase (RpoB, Dehre_0495) was detected at stable levels throughout all growth phases.
(i) Reductive dehalogenases
The genome of D. restrictus contains 25 genes predicted to encode rdhA (see below). Overall, a total of 86 genes are potentially associated with reductive dehalogenase expression and maturation, including genes that are predicted to encode putative membrane anchors, transcriptional regulators, chaperones and other rdh associated genes. Two of the reductive dehalogenase catalytic subunits (RdhA) were detected in the proteome: RdhA14 (Dehre_2022) and RdhA24 (PceA, Dehre_2398). The former shows a very high amino acid sequence identity (89%) with RdhA2 from Desulfitobacterium hafniense DCB-2 (Dhaf_0693) [18] , whereas the latter is the biochemically characterized PceA [2] (see the electronic supplementary material, table S6). All four proteins encoded by the pceABCT gene cluster (Dehre_2398 to Dehre_2395) were also identified in the proteome (table 2) . PceA was among the most abundant proteins at all growth stages (data not shown). The protein abundance ratio of PceA, PceB and PceC remained within the threefold cut-off value when comparing any of the three growth phases considered. The absence of a regulatory component in the direct vicinity of the pce gene cluster (see below) suggests that PceA is constitutively expressed, although it needs to be further investigated. PceT, however, was the only member of the gene cluster that seemed to be regulated as the relative protein abundance ratios were 0.12, 0.43 and 0.28 for S/E, LE/E and S/LE, respectively. Although the value for LE/E did not exceed the cut-off value, the data suggest that PceT was most abundant at the exponential phase and then became slightly less abundant at later growth stages (figure 1 and table 2).
(
ii) Hydrogenases
Hydrogen is the only electron donor that D. restrictus has been shown to use. The key role of hydrogenases is underscored by the fact that the genome of D. restrictus is predicted to encode eight multi-subunit hydrogenase complexes. Three of these (Dehre_0551-0553, 1061-1063 and 2405-2407) belong to the group of periplasmic membrane-bound Ni/Fe uptake hydrogenases (Hup) consisting of three subunits, a membrane-bound b-type cytochrome, a Fe/S cluster protein and the catalytic subunit (electronic supplementary material, table S5 and figure 1). Two membrane-bound energy-conserving Ni/Fe hydrogenases (Dehre_1568-1573 and 1645-1650) resemble the Hyc and Ech clusters found in Dehalococcoides mccartyi 195 [42] . These two hydrogenase complexes each consist of six subunits, a large and small subunit, and four subunits resembling elements of the proton-translocating respiration complex I (see the electronic supplementary material, figure 1) .
A constant amount of the large and small subunits from one of the Hup-type hydrogenases (Dehre_0552-0553) was detected throughout all growth phases. We did not detect Table 1 . Detected proteins showing a significant increase/decrease in abundance (expressed as S/E ratio) during the transition from exponential (E) to stationary (S) phases. The S/LE and LE/E ratios are also indicated. rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20120325 the b-type cytochrome subunit (Dehre_0551), possibly as a consequence of its strong association with the membrane. Both putative energy-conserving hydrogenase complexes were detected in the cells. We detected the large and small subunit of the Hyc-type hydrogenase (Dehre_1568-1569), but none of the four subunits (Dehre_1570-1573) predicted to be involved in electron transfer and proton transport across the cell membrane. Interestingly, the small subunit (Dehre_1568) was most abundant at late-exponential phase and least abundant in stationary phase with S/E, S/LE and LE/E ratios of 0.24, 0.03 and 9.74, respectively, whereas the abundance of the large subunit did not differ between growth phases (electronic supplementary material, table S5 and figure 1 ). All but one (Dehre_1649) component of the Ech complex (Dehre_1645-1650) were detected. The only protein that differed in abundance between growth phases was Dehre_1647, predicted to encode an NADH-ubiquinone oxidoreductase. This protein became gradually more abundant at later growth stages with S/E, S/LE and LE/E ratios of 8.4, 1.8 and 4.8, respectively. We detected both three subunit Fe-only hydrogenases (Dehre_1739-1741 and Dehre_2372-2374) in the proteome, but none of the components of the four subunit complex (Dehre_2317-2320). The abundance of Dehre_1739-1741 did not change with the growth phases, whereas Dehre_2372-2374 showed a weak trend of decreasing abundance at later growth phases, most pronounced for Dehre_2373 with S/E, S/LE and LE/E ratios of 0.30, 0.32 and 0.96, respectively (see the electronic supplementary material, table S5).
(iii) Corrinoid synthesis and uptake
The genome of D. restrictus encodes a seemingly complete de novo corrinoid biosynthesis pathway starting from glutamyltRNA ( figure 1 ). This pathway is encoded by two distinct gene clusters in D. restrictus: cluster I (Dehre_2848-2865), the upper pathway, and cluster II (Dehre_1606-1615), corresponding to the lower pathway. One additional gene (Dehre_1488) belonging to the lower pathway is located elsewhere in the genome (table 2) .
Cluster I contains all genes necessary for the synthesis of cobyrinic acid starting from glutamyl-tRNA. This pathway, however, appears to be incomplete because cbiH (Dehre_2856) encoding precorrin-3B C17-methyltransferase displays a frameshift mutation, and consequently is annotated as a pseudogene. We identified several proteins of the corrinoid synthesis pathway until cobyrinic acid, except CbiH and all enzymes responsible for the conversion of cobalt-precorrin-5A to cobalt-precorrin-8. From the upper pathway, only HemA (Dehre_2857) and HemL (Dehre_2851) showed a decreasing relative abundance from exponential to stationary phases with S/E ratios of 0.07 and 0.32, respectively. Most enzymes of the lower corrinoid synthesis pathway encoded by cluster II were found in stable amounts throughout the growth phases with exception of CbiB and CobS. CbiB (Dehre_1610) is responsible for the conversion of adenosylcobyric acid to adenosylcobinamide and was found in slightly increasing amounts at stationary phase (S/E: 3.26), whereas CobS (Dehre_1613) which is responsible for the conversion of adenosylcobinamide-GDP to adenosylcobalamin was not detected at all.
The genome of D. restrictus contains several gene clusters predicted to be involved in cobalt and corrinoid uptake. One predicted ABC-type cobalt transporter (Dehre_0850-0852) and two ECF-type cobalt transporters (Dehre_0278-0280 and Dehre_2862-2865) are present in D. restrictus. While none of Dehre_0850-0852 or Dehre_0278-0280 was detected in the proteome, we identified both CbiO (Dehre_2862) and CbiN (Dehre_2864) proteins from the transport system encoded in corrinoid synthesis gene cluster I. Both showed a decreasing trend when going from exponential to stationary phase with S/E ratio of 0.04 and 0.03, respectively (table 2). Two gene clusters (Dehre_0281-0292 and Dehre_2535-2538) are predicted to encode proteins possibly involved in uptake of various corrinoid precursors as part of salvaging pathways. From the first cluster, three proteins (Dehre_0286, 0289 and 0291) were detected. Their protein abundance ratio did not change over time, except for Dehre_0289, which was detected only during exponential phase (table 2) , whereas from the second cluster, all proteins except the membrane-associated Dehre_2536 rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20120325
were detected. Only Dehre_2538 showed an LE/E ratio exceeding the threefold cut-off (5.63). Interestingly, this protein is predicted to encode a CbiZ homologue that salvages cobinamides and converts it back to cobyric acid [43] .
(iv) Additional elements of the general energy metabolism
Constant amounts of six proteins (Dehre_2797-2802) of the 10 subunits of the ATP synthase (Dehre_2797-2806) were detected in the proteome. The proton-translocating respiration complex I encoded in the genome of D. restrictus consists of 11 subunits (Dehre_0889-899) instead of the canonical 14 [5] , lacking the components NuoEFG that usually receive electrons from NADH. Three subunits (NuoBCD, Dehre_890-892) were clearly detected in the proteome, whereas none of the membrane components could be seen. The genome encodes enzymes of a putative WL pathway for CO 2 fixation (Dehre_0130-0155 and Dehre_2348-2351). Most proteins belonging to this pathway were detected in the proteome (see the electronic supplementary material, table S5). They were observed at constant level throughout the growth phases with the exception of proteins representing the carbonyl branch of the WL pathway and the acetyl-CoA synthase/CO dehydrogenase (ACS/CODH) complex. Generally, these proteins showed a gradual and significant increase in relative abundance towards later growth stages with S/E ratios between 25 and 175 (table 1) .
We also identified a putative three component Fdh, consisting of a membrane-bound b-type cytochrome, a Fe/S cluster protein and the catalytic subunit (Dehre_1730-1734), which were detected at all growth phases (see the electronic supplementary material, table S5 and figure 1). The catalytic unit contains probably a selenocysteine as it is encoded by two in-frame genes (Dehre_1733-1734) separated by a UGA stop codon.
The genomic loci Dehre_2245-2284 and 2297-2314 contain large numbers of genes involved in the synthesis of flagella, motor proteins and chemotaxis (figure 1). In the proteome, we identified 32 of 62 proteins encoded in these genomic regions. Sixteen of them were less abundant in stationary than in exponential phase, only three increased in abundance, and the remaining 13 were equally abundant during stationary and exponential phase (see the electronic supplementary material, table S5), indicating that the cells are reducing their motility when entering the stationary phase.
Proteins showing significant changes in abundance between stationary and exponential phase are displayed in table 1. Generally, many proteins associated with regulation of transcription, chemotaxis and sensing were among the proteins displaying significant changes in their abundance. The protein showing the greatest change in abundance, with an S/E value of 2954, is Dehre_1215, annotated as ComF B , an uncharacterized protein possibly involved in development of late competence [44, 45] . The gene cluster containing the comF B gene (Dehre_1214-1220) in D. restrictus contains genes predicted to encode an RNA helicase, an ABC transporter, and two genes encoding proteins of unknown function. We detected the periplasmic component of the ABC transporter and one of the hypothetical proteins in the proteome, the latter increasing in abundance at later growth phases (see the electronic supplementary material, table S5). The genome of D. restrictus encodes other competence factors such as ComE A and ComE C (Dehre_0586-0587), and ComF A (Dehre_2784), suggesting that it is capable of natural competence. None of these additional proteins, however, were detected in the proteomic analysis. Two gene clusters encoding pili (Dehre_1166-1175 and Dehre_1272-1289) possibly involved in DNA uptake are also present.
Another protein (Dehre_0668) that was among those with the strongest increase in abundance in stationary phase (table  1) has a high similarity with RelE toxin and builds with Dehre_0667 a toxin/antitoxin addiction module system that could be involved in modulating the persistence of cell growth in unfavourable growth conditions [46] . The antitoxin component (Dehre_0667) was however never detected in the proteome. The direct vicinity of Dehre_0668 displays several phage-or plasmid-related genes, suggesting that Dehre_0667-0668 could have been acquired by horizontal gene transfer and represent a phage-like defence mechanism [47] .
(b) Diversity and composition of reductive dehalogenase gene clusters in Dehalobacter restrictus
(i) Multiple reductive dehalogenase homologue gene clusters in Dehalobacter restrictus
A thorough analysis of the D. restrictus genome [5] has revealed the presence of 25 rdhA genes, among which 20 are full-length, four harbour one or several frame-shifts (rdhA04, 05, 13 and 21), and one is a partial gene (rdhA25; see electronic supplementary material, table S6). The biochemically characterized reductive dehalogenase PceA [2] is encoded by rdhA24. While most rdhA genes are grouped in two genomic regions (rdhA01-10 and rdhA13-23), a detailed analysis of the genetic structure around them allowed definition of 13 clusters consisting of one to six rdhA surrounded by genes encoded on the same strand. It is however rather unlikely that these clusters represent actual operons as several rho-independent transcription terminators were predicted within the clusters (figure 2). Three general rdh genetic organizations can be considered here. Together with the well-characterized pceABCT cluster (rdhA24), two other rdhA genes are embedded in a similar configuration (rdhA20 and -22), albeit harbouring an additional rdhK subunit at the 3 0 -end. Seven rdhA genes are accompanied by rdhB and rdhC subunits, five of them in the orientation rdhABC (rdhA02, -05, -06, -13 and -17) and two as rdhBAC (rdhA14 and -21) . Finally, the remaining rdhA subunits are accompanied only by their respective B subunit exclusively in the orientation rdhBA. Most of rdh gene clusters are also associated with one rdhK subunit in various orientations. The rdhK-encoded proteins clearly belong to the large family of CRP/Fnr regulatory proteins from which CprK members of Desulfitobacterium dehalogenans and Desulfitobacterium hafniense DCB-2 were extensively studied and represent the paradigmatic DNA-binding regulatory protein for the respective chlorophenol reductive dehalogenase (cpr) operons [48] [49] [50] [51] [52] [53] [54] [55] [56] . Screening of the genome of D. restrictus for RdhK protein-encoding genes revealed 25 paralogues from which 22 are located within the 13 rdh gene clusters, and the remaining three in their direct vicinity. This strongly suggests that RdhK are regulatory proteins dedicated to OHR metabolism. figure 3 ). First, a strong correlation could be established between the level of sequence identity (see also electronic supplementary material, table S7) and the genetic organization of the predicted rdh operons. Indeed, the dominating group of 14 RdhA proteins encoded by minimal rdhBA operons forms a separate branch, which also contains the well-characterized cpr (CprA) of Desulfitobacterium dehalogenans. All three rdhABCT predicted operons in D. restrictus also cluster together, however with homology to enzymes with different substrate specificities. PceA (RdhA24) is highly similar to other PceA enzymes from members of the closely related genus Desulfitobacterium, but also highly similar (88% sequence identity) to DcaA of Desulfitobacterium dichloroeliminans, as already reported [3, 57] . By contrast, both RdhA20 and -22 of D. restrictus have a rather strong sequence identity with CprA5 and RdhA3 of Desulfitobacterium hafniense strain PCP-1 and strain DCB-2, respectively, which have been shown to use 3,5-dichlorophenol [18, 58] , these two latter enzymes being encoded in a similar genetic structure (rdhABCT). Interestingly, two pairs of RdhA proteins (RdhA03 with -04; RdhA16 with -19) show a very high level of sequence identity (see the electronic supplementary material, table S7). Another striking feature is the high conservation degree of RdhA proteins between D. restrictus and the newly available RdhA sequences identified in the metagenome of the b-HCH dechlorinating co-culture containing Dehalobacter sp. E1 (DhbE1 in figure 3 ) [10] . Indeed, five of nine DhbE1 proteins have identical counterparts in D. restrictus (99 -100% sequence identity), whereas three RdhA have highly similar homologues (70-92% identity) in D. restrictus. One last sequence (DhbE1_1222) is partial. From the global proteomic analysis, only two RdhA proteins were clearly detected: the main PCE reductive dehalogenase (PceA) and RdhA14, albeit at a much lower abundance. A specific approach was then conducted in order to evaluate the transcriptional level of the 24 full-length rdhA genes in D. restrictus along the growth phases. First, a reverse transcription (RT)-multiplex PCR method was developed allowing screening of groups of rdhA genes at the mRNA level in the triplicate cultures collected at the exponential (E), late-exponential (LE) and stationary (S) growth phases. Figure 4 illustrates the qualitative data obtained for a combination of four rdhA genes using that method (the complete set of data is presented in the electronic supplementary material, figure S3 ). Five rdhA gene transcripts (rdhA08, -14, -16, -19 and -24) were strongly amplified, however showing various transcription levels. The pceA gene (rdhA24) was clearly dominant and was still detected in the RNA samples collected in stationary phase (figure 4 and electronic supplementary material, S2). Those five rdhA genes were further analysed by RT-qPCR.
(ii) Quantitative assessment of selected rdhA gene transcription by RT-qPCR
Based on individual standards for each target gene, transcript copy numbers per ml of cDNA samples were measured for rdhA08, -14, -16, -19 and -24 ( pceA) along with rpoB (Dehre_0495), which was chosen as a constitutively expressed housekeeping gene ( figure 5 and see electronic supplementary material, table S2 for qPCR parameters). A decrease in transcription level was generally observed for all genes rstb.royalsocietypublishing.org Phil Trans R Soc B 368: 20120325 along the growth phases, some of them dropping below the detection limit of the method applied. These data confirmed the trend observed by the qualitative multiplex PCR approach. In the exponential phase, the pceA gene (rdhA24) was highly transcribed in comparison with all other genes considered (between 51-and 3688-fold, depending on the gene, see electronic supplementary material, table S8 for details). Although decreasing, pceA remained strongly transcribed even at stationary phase. The level of transcription of the remaining rdhA genes decreased with the following order: rdhA19 . rdhA14 ) rdhA16 . rdhA08.
Discussion
Although D. restrictus was among the first OHRB to be isolated, a significant part of its metabolism remained largely unresolved, mainly owing to the lack of the genome sequence, but also owing to the restricted conditions in which this bacterium has been found to grow, namely exclusively by anaerobic respiration with hydrogen as electron acceptor and PCE or TCE as unique terminal electron acceptor. We recently obtained the genome sequence of D. restrictus strain PER-K23 [5] , which allowed us in this 
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Dde-087 De so r_ 38 37 Metabolically, however, D. restrictus is closer to Dehalococcoides, suggesting that, besides additional genetic information responsible for peptidoglycan synthesis and motility, some parts of the D. restrictus genome may be not functional or encode for yet unsuspected metabolic pathways. A remarkable example is the presence of a complete biosynthetic pathway for cobalamin, an essential cofactor for OHR metabolism. Indeed, based on the anaerobic pathway described by Roessner & Scott [59] and the cobinamide salvaging pathway studied by EscalanteSemerena and co-workers [43, [60] [61] [62] , all genes were clearly identified in D. restrictus, although it cannot grow without a supply of vitamin B 12 in the medium ( [1] ; J. Maillard 2012, unpublished data). The proteomic data obtained here showed that about half of the proteins of the biosynthetic pathway mostly from the upper pathway were not detected, indicating that under the growth conditions applied, D. restrictus used the corrinoid amended and possibly modified according to its needs. On the genetic level, the frame-shift mutation observed in cbiH (Dehre_2856) needs to be confirmed, but could also be a reason why D. restrictus is not able to synthesize cobalamin de novo. Preliminary proteomic data obtained from cells that were partially depleted of vitamin B 12 revealed that the production of corrinoid transporters and proteins of the salvaging pathway increased significantly rather than the biosynthetic proteins (J. Maillard & T. Kruse 2012, unpublished data) , suggesting that the biosynthetic pathway is not functional in D. restrictus.
Enzymes belonging to the WL pathway for CO 2 fixation were clearly detected on the proteomic level in D. restrictus. A significant increase in the CODH/ACS complex (Dehre_ 0143-8, corresponding roughly to the carbonyl branch of the pathway) was observed in the late-exponential and stationary phases when compared with the exponential phase. This suggested that acetate might be depleted in the medium already during the late-exponential phase, and that D. restrictus could partially assimilate CO 2 via the acetyl-CoA synthase. This is however contrasting with a previous dataset where heterotrophic CO 2 assimilation (probably via pyruvate : ferredoxin oxidoreductase, PFOR) has been postulated for an enrichment of D. restrictus [63] . Several homologues of the latter enzyme were also detected in the proteome (see the electronic supplementary material, table S5). The role of the WL pathway and more generally the assimilation of CO 2 have been questioned for other OHRB such as various isolates of Desulfitobacterium [18, 19, 21, 64] or of Dehalococcoides [65] [66] [67] . In Desulfitobacterium hafniense strains, components of the WL pathway have been shown to participate in the use of phenyl methyl ethers as electron donor [64] . There, however, the methyl branch was mainly used together with O-demethylases. For strain TCE1, it has been reported that components of this pathway increased in abundance when H 2 and PCE were used as a combination of electron donor and acceptor [21] . The work by Tang et al. [67] suggested that the WL pathway was not involved in CO 2 fixation in Dehalococcoides. As illustrated by these examples, the role of the WL pathway in OHRB might be diverse, and further dedicated experiments are required to fully understand why D. restrictus recruits it at late growth phases.
The presence of eight different hydrogenases underscores the central role of hydrogen in the metabolism of D. restrictus. The genomes of Desulfitobacterium hafniense DCB-2 [18] and Y51 [19] Figure 5 . Growth-phase-dependent transcription level of selected rdhA genes in D. restrictus analysed by RT-qPCR. The graph depicts the gene copy number of selected rdhA genes along with rpoB as control obtained from one culture replicate harvested in exponential (light grey), late-exponential (dark grey), and stationary (black) phases, respectively. The same trend was observed for all replicates. Standard deviation of qPCR replicates was below 15% of the measured data. The dotted line (50 copies ml 21 ) displays the lower detection limit that was generally considered for the data obtained.
hydrogenases in D. restrictus. We therefore suggest that these enzymes are located in the cytoplasm, where they might be involved in generating reducing equivalents (e.g. NADH, FADH) for biosynthetic reactions or maybe directly in generating a proton motive force with respiration complex I, as speculatively indicated in figure 1 . The respiration complex I in D. restrictus lacks the NuoEFG subunits that usually receive electrons from NADH. The electron donor for this type of respiration complex I is not yet known, but it has been speculated that they act as a docking station able to receive electrons from various electron donors [68] . It is interesting that we find two large membrane-bound putatively proton-translocating hydrogenase complexes, Hyc and Ech, in D. restrictus like in Dehalococcoides mccartyi 195, whereas the more closely related Desulfitobacterium hafniense Y51 and DCB-2 only contain a Hyc homologue [18, 19, 42] . The role of these remains unclear; however, disrupting hyc in Desulfitobacterium dehalogenans resulted in loss of ability to use 3-chloro-4-hydroxyphenylacetic acid and nitrate as electron acceptor when formate was used as electron donor, suggesting a role in the electron transport chain [69] . It has been suggested that Ech and Hyc may play a role in generating low potential electrons for OHR by reverse electron flow. It was however observed that the expression of both Hyc and Ech decreased when Dehalococcoides mccartyi 195 was cultivated under lower partial pressure of hydrogen. Because hydrogen is a stronger reductant at higher partial pressure, the opposite would have been expected if they played a role in reverse electron flow [28] . Our findings suggest that different hydrogenases play specific and central roles in the metabolism of D. restrictus, but elucidating the exact role of the individual hydrogenases requires further studies. Significant changes in the protein content between exponential and stationary phases were observed for various unrelated proteins for which the predicted function was often not clear. For example, ComF B (Dehre_1215) and a cupin-domain containing protein (Dehre_0983) were identified with more than 1000-fold increase in the stationary versus exponential phase (table 1). The former protein is predicted to play a role in the late development of competence, although no other competence protein was detected. Competence represents a general strategy for bacteria to survive in unfavourable conditions such as during stationary phase [70] . The latter protein has no clear predicted function, but might be part of an operon involved in the shikimate pathway responsible for the biosynthesis of aromatic amino acids. The list of proteins that increased/decreased significantly between exponential and stationary phase clearly indicates that the cells are adjusting their metabolism when shifting from one growth phase to another.
The discovery of 25 reductive dehalogenase (rdhA) genes in the genome of D. restrictus was surprising given its currently known substrate range for reductive dehalogenation [5] , but is in line with what has been observed in all available genomes of Dehalococcoides mccartyi. The detailed analysis of the rdh gene clusters we present here, together with the transcriptional and proteomic data on the components of these clusters, helped us to consider their diversity, evolution and function in D. restrictus during growth on PCE. Analysis of the sequence similarity of D. restrictus RdhA proteins along with the best-characterized RdhA proteins revealed at least three groups of enzymes. The largest and relatively deep-branching first group contains 16
RdhA proteins which are affiliated to the characterized ortho-chlorophenol dechlorinating enzymes (CprA) of Desulfitobacterium isolates [71, 72] . Within this group, two gene duplication events must have occurred recently, as the couples RdhA16/19, and RdhA03/04 show 98 per cent and 81 per cent sequence identity, respectively (see the electronic supplementary material, table S7). Further synteny analysis revealed that the sequence conservation was extended to the corresponding rdhB genes (data not shown). A second deep-branching group of RdhA sequences contains D. restrictus PceA (RdhA24) and two slightly more distant members (RdhA20 and -22) . These proteins form a closely related family together with some of the best-characterized enzymes, namely PceA of several Desulfitobacterium hafniense isolates [4, 73, 74] , DcaA of Desulfitobacterium dichloroeliminans [57] and CprA5 (dechlorinating 3,5-dichlorophenol) of Desulfitobacterium hafniense PCP-1 [75] . The last seven RdhA proteins build up a group of highly heterogeneous enzymes for which no characterized counterpart is yet available. Among them however, four D. restrictus RdhA proteins (RdhA02, -05, -06 and -17) show 45 per cent sequence identity with a putative RdhA identified in the genome of Desulfosporosinus orientis (Desor_3837 [76] ). The genetic organization around rdhA genes is tightly correlated with the sequence diversity of their encoded proteins. Indeed, both deep-branching groups of D. restrictus RdhA show uniform genetic structures, rdhBA and rdhABCT, respectively. The rather heterogeneous third group is made of either rdhABC or rdhBAC operons. This strongly indicates a possible evolutionary line in which a few individual rdh operons might have been acquired by horizontal gene transfer, followed by several rounds of gene duplication.
Functional investigation of the rdh gene clusters along the growth curve of D. restrictus on PCE clearly revealed that the PCE reductive dehalogenase (PceA, RdhA24) was dominating both at transcriptional and proteomic levels, with only little change along the growth phases. This can explain why only PceA could be purified from D. restrictus in earlier studies. On proteomic level, RdhA14 was the only other reductive dehalogenase detected but at an estimated PceA/RdhA14 ratio of 212 during exponential phase. While all subunits encoded by the pceABCT operon were identified, neither RdhB nor RdhC belonging to the rdhBAC14 operon was detected, possibly as a result of their lower expression and high hydrophobicity. On the transcriptional level, the results are somehow contrasting. While rdhA14 was also detected at a copy number ratio similar to the proteomic data (see the electronic supplementary material, table S8, B), other rdhA genes were also significantly transcribed, and among them rdhA19 at a slightly higher level than rdhA14, although not detected in the proteome. Whether this is due to the sensitivity of the proteomic analysis or to a possible post-transcriptional regulation remains to be investigated. Similar to several omics studies on Dehalococcoides [24, [27] [28] [29] 77, 78] , a relatively tight regulation seems to operate in D. restrictus for rdhA candidates, among which only a few of them are steadily expressed. In contrast to Dehalococcoides, however, where mostly two-component systems and MarR-type regulators are likely to regulate the expression of rdhA genes [79] , in D. restrictus, as well as in the closely related Desulfitobacterium isolates, numerous CprK activating regulators (so-called RdhK) are present in or in the direct vicinity of rdh gene clusters. Only two of them, however, were detected in the proteomic analysis (Dehre_2025 and 2048), suggesting that their expression level remains low in the cell or that they are themselves regulated.
Additional proteins encoded in rdh gene clusters were also detected in the proteome. The TatA and TatB components of two Tat systems (Dehre_0836, 0839 and 1843) were detected. Interestingly, the former system is encoded directly downstream of rdhA10 and surprisingly contains an ApbE homologue (Dehre_0837) involved in thiamine biosynthesis. Also possibly linked to the translocation of RdhA proteins across the cytoplasmic membrane, a SppA homologue (Dehre_0809) was detected. The corresponding gene is located directly downstream of rdhA04 and its product is possibly involved in the degradation of signal peptides (such as the Tat signal peptides of RdhA proteins) after they have been cleaved from the mature proteins [80, 81] .
Our multi-level study of D. restrictus metabolism revealed rather elaborate genomic and proteomic features despite its restricted physiology recognized so far, suggesting that there is much more to discover especially in the energy metabolism of this bacterium. In addition, the high number of reductive dehalogenase genes raises the question of a wider bioremediation spectrum via OHR for D. restrictus. 
